The change in the atomic nitrogen concentration on a semiconducting nanowire's surface and the consequent changes in the electrical characteristics of a nanowire transistor were investigated by exposing In 2 O 3 nanowires to nitrogen (N 2 ) plasma. After plasma was applied at N 2 flow rates of 20, 40, and 70 sccm with a fixed source power of 50 W, the In 2 O 3 nanowire transistor exhibited changes in the threshold voltage (V th ), subthreshold slope (SS), and on-current (I on ). In particular, after treatment at an N 2 flow rate of 40 sccm, V th shifted positively by ∼2.3 V, the SS improved by ∼0.24 V/dec, and I on increased by ∼0.8 μA on average. The changes are attributed to the combination of nitrogen ions produced by the plasma with oxygen vacancies or indium interstitials on the nanowires. Optimization of the plasma treatment conditions is expected to yield desirable device characteristics by a simple, nondestructive process.
Introduction
Oxide nanostructures (i.e. nanowires, nanorods, nanoribbons, and nanobelts) have many advantages such as a wide band gap energy, low-voltage operation, high mobility, optical transparency, and mechanical flexibility. Because of these outstanding characteristics, semiconductor circuits, display devices, and biosensors using representative nanostructured materials such as ZnO, SnO 2 , and In 2 O 3 have been produced [1] [2] [3] [4] [5] . However, for commercial production of such devices, it is essential to ensure reliability, including reproducible device characteristics. In particular, transistor characteristics such as the threshold voltage (V th ), subthreshold slope (SS), and field-effect mobility (μ eff ) must meet the specifications for circuit operation if oxide nanowires are to be successfully applied to semiconductor circuits.
Because the electrical characteristics of oxide nanowires generally vary with the growth method, many studies have focused on regulating the characteristics of nanowire transistors by changing the growth conditions of the nanowires (i.e. the temperature, time, and gas) or by controlling defects with various doping materials (metal and rare-earth materials) [6] [7] [8] . In addition, other research has examined the characteristic changes in oxide nanowire transistors after ultraviolet, ozone, or gas treatment of the grown nanowires [9] [10] [11] . In particular, In 2 O 3 nanowires have a significant number of oxygen vacancies and easily react with gases because of their lower oxygen binding energy compared to ZnO or SnO 2 nanowires [12] . Thus, In 2 O 3 nanowires generally exhibit more depletion-mode transistor characteristics, with significant negative shifts in V th to around −10 V [13] . Therefore, the modulation of V th characteristics by oxygen vacancy control in nanowires would be critical for the use of In 2 O 3 nanowire transistors as n-type transistors in integrated circuit applications.
In this study, changes in the atomic nitrogen concentration at the surfaces of In 2 
Experimental section
In 2 O 3 nanowires were grown by chemical vapor deposition using gold nanoparticles (∼20 nm) as a seed material [13] . Figure 1 [17, 18] . Finally, a 100 nm thickness of Al was deposited by a sputtering method and patterned to form a source-drain electrode.
The electrical characteristics of the functional transistors in which the source and drain contacts were bridged by a In 2 O 3 nanowire were measured using a semiconductor parameter analyzer (Agilent B1500A). After the measurements, N 2 plasma treatment was applied and the same transistors were re-measured to compare their characteristics before and after treatment. A different plasma condition (N 2 flow rate of 20, 40, or 70 sccm) was applied to each of three different devices. The source power, pressure, and exposure time were fixed at 50 W, 200 mTorr, and 60 s, respectively. The characteristic changes in the In 2 O 3 nanowires after N 2 plasma treatment were examined by XPS. Moreover, the changes in the current-voltage (I-V) characteristics were also investigated. V th was examined using a constant current method (the gate voltage (V gs ) at a drain current (I ds ) of 1 nA for a drain voltage (V ds ) of 0.5 V). The SS was evaluated using the difference between V gs at I ds = 10 nA and V gs at I ds = 1 nA (V ds = 0.5 V), and the on-current (I on ) was evaluated using I ds at V gs = V th + 4 V (V ds = 0.5 V). The μ eff value was extracted from the gate-to-channel capacitance given by 
Results and discussion
To investigate the chemical structure of N 2 -plasma-treated In 2 O 3 nanowires, the In 3d and N 1s core-level spectra were measured by XPS (figures 1(b) and (c), respectively). The analysis of N 1s energy, which is the combination energy of doped nitrogen, using XPS reveals the following information; (i) the combination state of doped nitrogen atom, (ii) whether it has one or several kinds of chemical combination state. The observed binding energy of N 1s for the nanowires after plasma treatment was ∼400 eV, which is higher than that of InN (∼396.5 eV) [19] . In previous reports of N-doped metal oxides, two different N 1s binding energies, 399.6 and 398.0 eV, were attributed to interstitial sites (chemically adsorbed states) and substitutional sites (metal-nitride states due to replacement of oxygen), respectively [20, 21] . The binding energy of the N-doped In 2 O 3 nanowires after N 2 plasma processing in figure 1(b) corresponds to the case of interstitial sites as active N dopants. As the N 2 flow rate increased, no distinct difference in the binding energy and/or line shape of the spectra appeared other than the increase in the atomic N concentration. The atomic N concentration with respect to the total amount of indium and nitrogen [N/(In + N)] was 17.2 at.% at 20 sccm and increased to 21.2 at.% at 40 sccm and 30.0 at.% at 70 sccm. The inset in figure 1(b) shows the change in the atomic N concentration during surface etching of the N 2 -plasma-treated nanowires. It was proved that nitrogen did not already exist when the surface etching time reached about 200 s. Considering the sputter rate (0.03-0.05 nm s −1 ) of Ar sputtering of the XPS equipment used in this study, the thickness of N 2 is expected to be about 6-10 nm. We can deduce that N atoms exist only on the surface of the nanowires and do not penetrate them. The binding energy (444.2 eV) of the In 3d 5/2 peak with a symmetric line shape as shown in figure 1(c) can be identified as that of typical stoichiometric In 2 O 3 . After treatment, the peak exhibits a small (less than ∼0.2 eV) binding energy shift and becomes slightly broader, although the line shape changes little; this is attributed to the formation of other chemical states such as InN.
Figure 2(a) shows a cross-sectional schematic of the In 2 O 3 nanowire transistors and an FE-SEM image of the In 2 O 3 nanowire channel area. The channel length (L) and radius (r) of the representative device were ∼2.9 μm and 30 nm, respectively. In a preliminary experiment, the amount of N 2 gas was maintained consistently (Ar/N 2 flow rate = 250/50 sccm) and the characteristic changes of nanowire transistors with three different plasma power conditions (50, 100, and 200 W) were observed. In the result, V th change trend was not exhibited. Therefore, the N 2 gas split experiment was conducted, maintaining the power at 50 W in order to facilitate reaction to nanowire surfaces by increasing nitrogen ions produced by plasma with increased N 2 gas amount. figure 3(a) ). In other words, this treatment produced a 0.7 V positive shift in V th but did not significantly change the SS and μ eff . After treatment at a flow rate of 40 sccm, V th changed from −8.9 to −6.9 V (a positive shift of ∼1.93 V), the SS improved by 0.1 V/dec from 0.49 to 0.39 V/dec, and μ eff increased by ∼75% from 60.8 to 106.3 cm 2 V −1 s −1 ( figure 3(b) ). Finally, after treatment at a flow rate of 70 sccm, V th changed from −8.7 to −6.5 V (a positive shift of ∼2.2 V), the SS improved by 0.27 V/dec from 0.57 to 0.30 V/dec, and μ eff increased by ∼98% from 78.0 to 154.3 cm 2 V −1 s −1 ( figure 3(c) ).
To summarize the changes in terms of the N 2 plasma flow rate, the positive shift in V th , the improvement in the SS, and the increase in μ eff were more distinct after treatment at 40 and 70 sccm than after treatment at 20 sccm. These changes are explained by the reaction of nitrogen ions generated by the plasma with oxygen vacancies or indium interstitials in the In 2 O 3 nanowires [20, 22] . Oxygen vacancies and indium interstitials are natural defects produced during synthetic nanowire growth. Unlike the defects that degrade device characteristics, such as interface traps and fixed charges, they act as electron donors and affect the conductivity of n-type transistors [23] . Thus, nitrogen ions generated by the N 2 plasma reduce the number of donors when they combine with oxygen vacancies or indium interstitials. Consequently, the transfer curve of the n-type In 2 O 3 nanowire transistor exhibits a positive shift.
I on did not change significantly (from 1.0 to 0.97 μA) after N 2 plasma treatment at 20 sccm. However, after treatment at 40 sccm and 70 sccm, I on increased from 0.84 μA to 1.6 μA and from 1.0 μA to 2.6 μA, respectively, whereas V th exhibited a positive shift and SS was improved, as described above. The changes in the current might be attributable to surface cleaning. Plasma treatment is generally adopted to produce a surface cleaning effect by removing a surface organic layer during semiconductor production [24, 25] . Surface cleaning enhances the device performance by increasing the adhesion between layers and improving the electrode contact. Because the electrical characteristics of nanowires are observed predominantly on the surface, the removal of surface contamination by N 2 plasma treatment is expected to enhance the surface conductivity, improve the SS, and increase μ eff and I on . If nitrogen ions merely filled the oxygen vacancies or indium interstitials, the decrease in the surface conductivity would have led to the positive shift in V th and the decreases in I on and μ eff . However, surface cleaning would also have had an effect, improving the SS and contributing to the increase in μ eff .
To quantitatively estimate the effect of N 2 plasma exposure, a semiconductor device simulator (MEDICI) was used to simulate the I-V characteristics of the as-fabricated transistors and those treated by N 2 plasma at N 2 flow rates of 20, 40, and 70 sccm. The device structure used to simulate the transistors is shown in figure 2(b) . The channel thickness is equivalent to the nanowire diameter (∼60 nm), the material parameters were chosen to be the same as those of the In 2 O 3 nanowires, and the effective width (W eff ) of approximately 120 nm has been adjusted to provide the correct I on for the given μ eff values. The μ eff value was chosen from the experimental data. Note that W eff was larger than the nanowire diameter because of fringing effects, which were neglected in the MEDICI simulation. The doping density (N D ) of the nanowire channel and the voltage-variable interface trap density (Q IT ) at the interface of the Al 2 O 3 gate insulator and the In 2 O 3 nanowire were taken into account. The surface states were assumed to be uniformly distributed in energy throughout the band gap, and only electrons were considered as carriers in the simulation for comparison with the experimental data only in the regions exhibiting n-type behavior. Al (work function, 4.3 eV) was used for the source-drain electrodes, and a thermionic field emission model was chosen for the Schottky contacts. A dielectric constant of 9.0 was used for the 30 nm thick ALD-deposited Al 2 O 3 gate insulator, and a layer of electrically floating insulator with a dielectric constant equivalent to that of air was incorporated on top of the channel.
As shown in figure 3 , the experimentally measured I ds -V gs curves for as-fabricated and N 2 -plasma-treated In 2 O 3 nanowire transistors were fitted with a series of MEDICI simulations using different values of Q IT and N D . The best-fit parameters are summarized in table 1. Note that the In 2 O 3 nanowire channel before and after N 2 plasma exposure was fitted with a highly doped buried channel in order to obtain the depletion-mode transistor characteristics and negatively shifted V th , which originate from the large number of pre-formed oxygen vacancies on the oxygen-sensitive In 2 O 3 nanowires. As discussed above, the increase in the number of nitrogen ions interacting with oxygen vacancies and In interstitials is expected to decrease the number of donors and thus shift V th in the positive direction. As shown in table 1, the reduction in N D (and hence the V th shift) after N 2 plasma exposure is larger at higher N 2 flow rates, implying that the number of generated nitrogen ions increases as the N 2 flow rate increases. Note that N D and V th exhibit greater difference when the N 2 flow rate is increased from 20 to 40 sccm, whereas a smaller shift is observed when the flow rate is increased from 40 to 70 sccm. The reduction in oxygen vacancies upon N 2 plasma exposure is presumably the main mechanism for the positive shift in V th . It is well known that oxygen vacancies can be readily ionized to generate free electrons which render the nanowire a depletion-mode n-type semiconductor. Upon N 2 plasma exposure, nitrogen ions generated from the plasma are expected to substitute the pre-existing oxygen vacancies of the In 2 O 3 nanowire surface, consequently reducing the number of oxygen vacancies. As oxygen vacancies and ionized oxygen vacancies act as electron donors and electron-trapping sites, a decrease in such sites leads to a positive V th shift in n-type nanowire transistors. The interface trap density is well known to be the main mechanism that modifies the SS within a transistor structure. For a flow rate of 20 sccm, the simulated Q IT values of the as-fabricated and plasma-treated devices are similar, which is consistent with the fact that the SS values of the as-fabricated and plasma-treated transistors differ very little. As the flow rate increases to 40 and 70 sccm, the reduction in Q IT is more prominent and shows a larger shift. The reduction in Q IT and the consequent improvement in the SS, μ eff , and I on are attributed to the surface cleaning effect of the plasma, which is expected to be the dominant mechanism contributing to the shift in the device performance metrics after plasma treatment at 40 and 70 sccm.
In addition, we conducted a statistical analysis of the differences in V th , the SS, and I on before and after N 2 plasma treatment for nine transistors under each N 2 flow rate. The parameters were extracted by defining I ds (V ds = 0.5 V) at V gs = V th + 4 V as I on , considering the change in V th after N 2 plasma treatment. The changes in the parameters under each N 2 flow rate are shown in box charts in figure 4 ; the values before and after treatment are compared using the means and standard deviations. The outstanding changes are the positive shift in V th , the decrease in the SS, and the increase in I on . As shown in figure 4(a) , the average V th of the nine transistors was −8.9 ± 0.6 V before treatment and changed to −8.3 ± 0.6 V after treatment at 20 sccm, for a positive shift of 0.7 ± 0.3 V. After treatment at 40 sccm and 70 sccm, the positive shift in the average V th increased to 2.3 ± 0.7 V and 2.4 ± 0.7 V, respectively. In other words, the V th shift at 40 sccm was 1.5 V greater than that at 20 sccm, and the shift at 70 sccm exhibited no significant difference from that at 40 sccm. As shown in figure 4(b) , the average SS value decreased by 0.24 ± 0.13 V/dec after N 2 plasma treatment at 40 sccm, changing from 0.61 ± 0.11 to 0.37 ± 0.04 V/dec. Further, at 70 sccm, the average SS value decreased similarly by 0.22 ± 0.08 V/dec, from 0.53 ± 0.06 to 0.31 ± 0.07 V/dec. However, N 2 plasma treatment at 20 sccm reduced SS by only 0.03 ± 0.02 V/dec. That is, the SS exhibited no significant change after treatment at 20 sccm, but the decrease after treatment at 40 sccm was 0.19 V/dec greater than that at 20 sccm and similar to that after treatment at 70 sccm. As shown in figure 4(c) , the average I on value exhibited no significant change after treatment at 20 sccm but increased by 0.8 μA after plasma treatment at 40 sccm and by 1.3 μA after treatment at 70 sccm. These results provide statistical verification of the positive shift in V th , decrease in the SS, and increase in I on after N 2 plasma treatment.
In addition, we repeated the I-V measurements for seven days after the N 2 plasma treatment to determine whether its effects were temporary. We confirmed that the I-V characteristics of the In 2 O 3 nanowire transistors after N 2 
Conclusions
In conclusion, we achieved a positive V th shift, improved SS, and increased μ eff , along with increased I on , via N 2 plasma treatment of In 2 O 3 nanowire transistors. The treated In 2 O 3 nanowires exhibited an undisturbed crystal structure; however, their surface states were readily modified by nitrogen ions generated from the plasma. Quantitative simulations and statistical analyses of the plasma-treated devices revealed that the N 2 flow rate acts as a tuning knob to control the device performance metrics, especially V th , the SS, μ eff , and I on . This study showed that N 2 plasma treatment, which requires no complex process steps, is a promising nondestructive optimization technology for the realization of memory and display circuits having the desired SS, V th , μ eff , and I on characteristics.
